Background-Heterozygous human mutations of NKX2-5 are highly penetrant and associated with varied congenital heart defects. The heterozygous knockout of murine Nkx2-5, in contrast, manifests less profound cardiac malformations, with low disease penetrance. We sought to study this apparent discrepancy between human and mouse genetics. Because missense mutations in the NKX2-5 homeodomain (DNA-binding domain) are the most frequently reported type of human mutation, we replicated this genetic defect in a murine knockin model. Methods and Results-We generated a murine model in a 129/Sv genetic background by knocking-in an Nkx2-5 homeodomain missense mutation previously identified in humans. The mutation was located at homeodomain position 52Arg→Gly (R52G). All the heterozygous neonatal Nkx2-5 +/R52G mice demonstrated a prominent trabecular layer in the ventricular wall, so called noncompaction, along with diverse cardiac anomalies, including atrioventricular septal defects, Ebstein malformation of the tricuspid valve, and perimembranous and muscular ventricular septal defects. In addition, P10 Nkx2-5 +/R52G mice demonstrated atrial sepal anomalies, with significant increase in the size of the interatrial communication and fossa ovalis, and decrease in the length of the flap valve compared with control Nkx2-5 +/+ or Nkx2-5 +/− mice. Conclusions-The results of our study demonstrate that heterozygous missense mutation in the murine Nkx2-5 homeodomain (R52G) is highly penetrant and result in pleiotropic cardiac effects. Thus, in contrast to heterozygous Nkx2-5 knockout mice, the effects of the heterozygous knockin mimic findings in humans with heterozygous missense mutation in NKX2-5 homeodomain. (Circ Cardiovasc Genet. 2014;7:423-433.)
C ardiac defects are the most prevalent congenital malformations in the fetal and neonatal periods, affecting ≈1% of live births. [1] [2] [3] Advances in clinical care, such as surgical interventions, have enabled most patients to reach adulthood. Prolonged survival, however, has been achieved at a cost, as many patients experince late complications, of which heart failure and arrhythmias are the most prominent. 4 Thus, alternative treatment toward correcting abnormal developing hearts, such as prenatal cellular and genetic therapy, will offer tremendous potential in the future. 5, 6 Despite remarkable progress in understanding cardiac development, the mechanisms underlying the cardiac anomalies are largely unknown, even when related to mutation of a single gene. 7
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To date, ≈40 mutations in the transcription factor NKX2-5 have been found related to familial congenital heart disease (Online Mendelian Inheritance in Man, National Center for Biotechnology Information). Almost half of these mutations have been found in the homeodomain (DNA-binding domain). [8] [9] [10] [11] [12] [13] Homeodomain missense mutations have a highdisease penetrance, with pleiotropic cardiac effects compared with missense mutations outside the homeodomain. [8] [9] [10] [11] [12] [13] In addition to DNA binding, the homeodomain plays a critical role in protein-protein interactions and nuclear targeting. Our previous studies showed that markedly reduced DNA binding was found in homeodomain missense NKX2-5 mutations, with preserved ability in nuclear targeting, and some interaction with NKX2-5 and selected transcriptional partners. 14, 15 There has been considerable interest in understanding the differences between phenotypes associated with human mutations as opposed to the knockout strategies used in mice. 16 Studies in murine models of Nkx2-5 mutations have typically shown a lower incidence of cardiac anomalies than those observed in human patients. [17] [18] [19] There has been speculation that the differences in phenotype severity and frequency are because of species effects, in other words mouse as opposed to man. Based on predicted effects of human mutation on protein function, and some overlap of the phenotype of heterozygous Nkx2-5 knockout mice, [17] [18] [19] human NKX2-5 mutations have been considered because of loss-offunction mutations.
Alternatively, the effect of human mutation may differ from the effect of the haploinsufficiency, resulting from heterozygous knockout. For example, mutant proteins that preserve protein-protein interactions, but fail to bind DNA, may have broader functional consequences, including dominant negative effects. It might be anticipated that, for such diverse effects, such as haploinsufficiency compared with dominant negative, there would be associated variation in clinical phenotypes. 15 In fact, earlier studies in Xenopus, 20 and in transgenic mice 21 suggested potential dominant negative effects of Nkx2-5 homeodomain missense mutations with decreased DNA binding.
To address mechanistically the relationships between genotype and phenotype, focusing on missense mutation in the homeodomain, we generated a novel heterozygous knockin mouse model by introducing the disease-causing point missense mutation in the homeodomain (52Arg→Gly). Our data demonstrate that heterozygous knockin mice, Nkx2-5 +/R52G , show diverse and highly penetrant cardiac anomalies, which are comparable to, or even more profound, than those found in human patients with heterozygous missense mutation in NKX2-5 homeodomain.
Materials and Methods

Building Models and Calculation of Intraprotein and Protein-DNA Interaction Energies for Nkx2-5 Homeodomain Mutants
We used models of protein-DNA interactions as described previously. 22 Briefly, an energy minimized wild-type model was mutated to reflect the point mutations, and internal and protein-DNA binding energy was calculated.
Generation of Nkx2-5 +/R52G and Nkx2-5 +/− Mice
The targeting vector for generation of Nkx2-5 +/R52G knockin mice was constructed as follows: a genomic fragment for Nkx2-5 from a 129/Sv mouse genomic library was cloned, and a targeting vector was constructed by introduction of a CGT to GGT point mutation in exon 2, insertion of thymidine kinase (TK) gene for negative selection and floxed-neomycin-resistant gene (NeoR) for positive selection in the intergenic regions. Nkx2-5 +/− mice were generated from germline excision of floxed-exon 2 including DNA-binding homeodomain 23 
Real-Time Reverse Transcription Polymerase Chain Reaction, ANF-lacZ Reporter Mice, X-Gal Staining, and Chromatin Immunoprecipitation Assay
Real-time reverse transcription polymerase chain reaction performed using inventoried TaqMan gene expression assays (Applied Biosystems), generation and characterization of the transgenic lacZ reporter mice, X-gal staining, and immunoprecipitation assay followed by Taqman real-time polymerase chain reaction were performed as described previously. 25
Western Blotting and Immunostaining
Western blot analyses and immunostaining were performed with the following antibodies: Nkx2-5 pAb, 26 GAPDH (Research Diagnostics Inc), and troponin T (T6277, Sigma).
Histological Analysis and Cardiac 3-Dimensional Reconstruction
Serial paraffin-embedded tissue sectioning of 5 μm thickness and 3-dimensional reconstruction were performed as described previously. 27 Two observers examined the digitalized images of the sections and performed quantitative histological measurements of trabecular versus compact area size using the same analytical methods using Image J as reported previously. 27
Statistical Analysis
Data presented are expressed as mean values plus or minus the SEM.
Results were analyzed by SPSS (version 22) using crosstabs with
Fisher exact test, nonparametric test, ANOVA with Fisher post hoc test, or independent t test. Levene test was used for equality of variance, and P values were calculated depending on the assurance of equality. Interobserver variability assessed by interclass correlation coefficient. P<0.05 was considered significant.
Results
Characteristics of NKX2-5 Homeodomain Missense Mutations
The human NKX2-5 protein is composed of 324 amino acids: the DNA-binding region or homeodomain comprises 60 amino acids ( Figure 1A ). To our knowledge, analysis of previously reported human NKX2-5 mutations associated with familial congenital heart defects has identified a total of 37 mutations 9-13 ; nearly half are in the homeodomain, which is the greatest in frequency compared with the other domains. Most homeodomain mutations, 14 to be precise, are missense mutations ( Figure 1A) , with the remaining 3 (18%) being nonsense mutations. [8] [9] [10] [11] [12] [13] Taken overall, 40% of human NKX2-5 mutations identified to date are homeodomain missense mutations. We list the cardiac anomalies reported in the pedigrees having NKX2-5 homeodomain missense mutations in the left panel of Figure 1B . Previously, we found that the best correlation between cardiac phenotype and biochemical characteristics among 8 homedomain missense mutations was reduced DNA binding, as analyzed in electrophoretic mobility shift assays. 15 Using the recently solved crystal structure of homeodomain and the double-stranded DNA, 22 we modeled mutant proteins, along with the predicted stability of proteins and protein-DNA binding. Compared with wild-type protein, higher energies are required for protein-DNA binding in all the mutants ( Figure 1B , right), suggesting that these mutations have reduced DNA binding. In contrast, 4 somatic mutations found in the area of ventricular septal defect (VSD) 28 demonstrate decreased energy, suggesting that these mutations potentially increase protein stability and protein-DNA binding ( Figure 1B , somatic mutations).
In this study, we analyzed a mouse model having an 52Arg→Gly (R52G) in the homeodomain. Arg52 in the third helix interacts with Glu17 of the first helix and stabilizes the structure of the homeodomain ( Figure 1C ). This interaction will be lost in R52G mutations, resulting in destabilization of the homeodomain structure and reduction of DNA binding. We previously showed that the mutant protein is present in the nuclei, and protein-protein interaction with NKX2-5 itself (homodimerization), GATA4, and TBX5 being preserved by ≈50%. 15
Generation of Mice With Knockin of a Homeodomain Missense Mutation (Arg52(188)Gly, Nkx2-5 +/R52G ) Associated With Human Congenital Heart Defects
To develop a model to study mechanistically the high-disease penetrance of diverse cardiac anomalies associated with human homeodomain missense mutations, we generated a knockin mouse model having R52G mutation in the homeodomain. R52G positions at 188 amino acid in mouse, as opposed to 189 amino acid in man (Figure 2A-2C ). To minimize nonspecific genetic effects, we first eliminated the drug selection marker, floxed-Neo R cassette that was inserted in the intergenic region of Nkx2-5 crossing with Cre-deleter mice. Second, mice were backcrossed over 8 generations to 129/Sv mice purchased from Charles River (129/SvPasCrl). Two genomic DNAs randomly chosen from knockin mice revealed 99.61 and 99.74% identity to 129/Sv using mouse 384 SNP panel. Thus, they have a homogenous genomic sequence. During the backcrossing, Cre-deleter transgenes were eliminated.
Heterozygous neonatal Nkx2-5 +/R52G mice were born expressing a level of Nkx2-5 proteins (wild-type and mutant) equivalent to that in Nkx2-5 +/+ mice, as analyzed by Western blotting ( Figure 2D ). However, homozygous Nkx2-5 R52G/R52G mice were never born. A representative E10.5 Nkx2-5 R52G/R52G mouse embryo demonstrates growth retardation compared with control Nkx2-5 +/+ mice, in which Nkx2-5 R52G proteins were expressed in the nuclei ( Figure 2E ).
To compare missense mutation in the homeodomain with null mutation, we generated a second mouse model, Nkx2-5 +/− , to serve as a control. The floxed-exon 2 of Nkx2-5 including the DNA-binding homeodomain 23, 24 was deleted by crossing to Cre-deleter mice ( Figure 2F ), which was eliminated by subsequent backcrossing to 129/Sv mice as described above. Heterozygous neonatal Nkx2-5 +/− mice showed a reduction of approximately one half of Nkx2-5 proteins in the heart lysates compared with control Nkx2-5 +/+ mice ( Figure 2G ).
Cardiac Anomalies in Newborn Heterozygous
Nkx2-5 +/R52G Mutant Mice
Periodically, newborn heterozygous Nkx2-5 +/R52G mice were found cyanotic or dead ( Figure 3A) . The ratio between P1 Nkx2-5 +/+ (48%) versus Nkx2-5 +/R52G (52%) mice (n=65) and P10 Nkx2-5 +/+ (58%) versus Nkx2-5 +/R52G (42%) mice (n=61) suggested that approximately one quarter of the Nkx2-5 +/R52G mice die perinatally (P=0.002). All live littermates in the same experimental group were analyzed regardless of cyanosis (n=17): examination revealed evidence of ventricular noncompaction and varied cardiac malformations.
Ventricular Noncompaction
Representative hearts isolated from wild-type and cyanotic Nkx2-5 +/R52G newborn mice (mouse no. 6, Table 1 ) demonstrated that the Nkx2-5 +/R52G heart was enlarged ( Figure 3A -3C). A prominent trabecular layer was observed in the ventricular walls, a feature usually described as ventricular noncompaction. In addition, there was failure of compaction of the muscular ventricular septum along with perimembranous and muscular VSDs ( Figure 3C and 3D). Of note, this is an abnormal finding, as ventricular septal formation is completed, with the interventricular communication being closed by embryonic day E13.5 to 14 in normal mouse embryos. 30 Ventricular noncompaction is a cardiomyopathy characterized by a thickened trabecular layer compared with the compact layer of the ventricular walls, usually with deep intertrabecular recesses. 31 All 17 newborn Nkx2-5 +/R52G mice analyzed by serial tissue sectioning demonstrated such ventricular noncompaction involving both ventricles. We quantified the total area of the trabecular and compact layers of the walls and compared the relative ratio to that of randomly selected newborn hearts (+/+ n=5, +/R52G n=7; Figure 3E ; Figure I in the Data Supplement). This comparison excluded Nkx2-5 +/R52G hearts demonstrating profound anomalies (Table 1) . A significant increase in the ratio of the trabecular layer relative to the compact layer was found in Nkx2-5 +/R52G mice compared with controls. There was no significant interobserver variability in 12 sections (Pearson Correlation 0.986, P=0.000).
Other Cardiac Malformations
Next, we thoroughly analyzed for additional cardiac anomalies by serial tissue section of 17 P1 Nkx2-5 +/R52G mice. Despite a lack of genetic heterogeneity as analyzed by 384 SNP panel (>99.61% homology), these mice demonstrated diverse cardiac anomalies (Figures 4 and 5 ; Table 1 ). The most prevalent lesions were perimembranous and muscular VSDs found in a single or multiple positions in 80% of the mice. In representative tissue sections of Nkx2-5 +/R52G (mouse no. 9), the perimembranous VSD was positioned dorsally, with fibrous continuity between the developing leaflets of the aortic and tricuspid valves, whereas additional apical muscular defects were positioned ventrally, being enclosed within musculature of the septum, matching the human criteria for VSD classification ( Figure 4A ). 32, 33 More complex cardiac anomalies were also found in Nkx2-5 +/R52G mice. Three mice demonstrated atrioventricular septal defects: (Figure 4B and 4C) . Figure 4B demonstrates an atrioventricular septal defect with common atrioventricular junction, along with double outlet right ventricle (mouse no. 13), and apical additional muscular VSDs (not shown). Figure 4C also demonstrates atrioventricular septal defect with common atrioventricular junction, along with doublechambered right ventricle, and isomerism of the right atrial appendages (mouse no. 14). Additional features of isomerism within the atrial chambers included appendages with morphology right characteristics bilaterally and expression of atrial natriuretic factor (ANF) in the left-sided appendage ( Figure II in the Data Supplement).
Nearly 50% of mice had an abnormality of the tricuspid valve. Profound tricuspid valve anomalies were found in 3 mice ( Figure 5A-5C ). Two mice (nos. 15, 16) demonstrated Ebstein malformation, in which the hinges of tricuspid valve leaflets were displaced toward the apex of the right ventricle ( Figure 5A  and 5B ). In addition, tricuspid valves were inappropriately Multiple VSDs (perimembranous+muscular) ...
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Multiple VSDs (muscular) ... delaminated in mouse no. 15 ( Figure 5A ) and tethered in mouse no. 16 ( Figure 5B ). Figure 5C shows absence of the right atrioventricular connection, which is a feature of tricuspid valvar atresia (mouse no. 17): the right ventricle was incomplete and hypoplastic, lacking its inlet component ( Figure III in the Data Supplement). There was no direct communication with the right atrium, but there was communication with the left ventricle through a muscular VSD. Other mice exhibited a more subtle tricuspid valve abnormality characterized by abnormal delamination of the tricuspid valve leaflets (Table 1) .
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F1 Crossing 129 With C57Bl/6 Mice
To minimize nonspecific genetic effects, congenic mice were generated and analyzed as described above. To determine whether the high-disease penetrance of R52G is maintained in an outbred background, 129 congenic Nkx2-5 +/R52G mice were crossed with C57Bl/6, and F1 newborn mice were analyzed (n=16; Figure IV and Table I in the Data Supplement). No complex cardiac malformations (eg, atrioventricular septal defects) were observed. However, all but one F1 mice demonstrated ventricular noncompaction (94%, n=15), and half (n=8) of the mice demonstrated perimembranous and muscular VSDs found in a single or multiple positions. Subtle tricuspid valve leaflet abnormalities were seen in ≈50% of mice, but neither tricuspid atresia or Ebstein malformation were observed. As anticipated, the mice with mixed genetic backgrounds had reduced phenotypic severity for most cardiac phenotypes. However, noncompaction continued to be highly penetrant.
Cardiac Anomalies in Newborn Heterozygous Knockout Mice (Nkx2-5 +/− )
We examined 18 hearts from P1 Nkx2-5 +/− mutants ( Figure V and Table II in the Data Supplement). In agreement with previous studies, [17] [18] [19] cardiac anomalies were observed with lower prevalence compared with Nkx2-5 +/R52G mice. Perimembranous or muscular VSDs were observed in 33%, noncompaction in 33%, and incomplete delamination of tricuspid valve (11%) or apical displacement of septal leaflet of tricuspid valve (6%).
Only 2 mice had both a VSD and abnormal tricuspid valve. The incidence of cardiac malformations fall within the range of a wide variety of those in multiple heterozygous Nkx2-5 +/− mice, in which the incidence of VSD can vary from zero to 20% to 40%. [17] [18] [19] 34 Control Nkx2-5 +/+ (n=13) did not demonstrate notable cardiac anomalies. Further, the ratio between P10 Nkx2-5 +/+ (49%) versus Nkx2-5 +/− (51%) mice (n=41) was almost equal, suggesting that perinatal death is not prevalent in Nkx2-5 +/− mice.
Atrial Septal Abnormalities in P10 Nkx2-5 +/R52G Mutant Mice
The most prevalent cardiac anomaly found in human patients with missense mutations in the NKX2-5 homeodomain is atrial septal defect, 15 characterized by deficient, persistent communications between the atrial chambers permitting postnatal shunting from left-to-right. The fossa ovalis, in normal development, is closed by attachment of the flap valve, in other words, the foreshortened primary septum, to its rims, and the rims formed by infolding and formation of the secondary basal septum. 35 We did not assess atrial septal anomalies in P1 mice because all the mice, including wild-type controls, demonstrate interatrial communications during the transition from the embryonic circulation when right-to-left shunting of blood through the foramen ovale remains essential. 36 In FVB mice, such morphological closure of the interatrial communication is progressive and is completed 1 week after birth. 36 In 129/Sv mice, in contrast, half of the wild-type mice still demonstrated small interatrial communications, with an average size of ≈40 μm (8 serial sections, 5-μm thickness) at P10 (n=10). The incidence of interatrial communications was 86% in Nkx2-5 +/R52G (n=7) and 70% in Nkx2-5 +/− (n=10) at P10, and both were not statistically significantly increased from the wild-type mice (P=0.30 and 0.65, respectively).
Representative serial tissue sections of P10 wild-type mice ( Figure 6A ovalis was not sealed by the flap valve, with the distance from the opening to the closure being 25 μm (marked with *), whereas in Nkx2-5 +/R52G mice, the distance from the opening to the closure was increased to 135 μm in mouse no. 1, and 325 μm in mouse no. 2 ( Figure 6A , +/R52G, marked with *). Immunostaining of the troponin T positive muscular structure in the flap valve showed it was poorly developed in Nkx2-5 +/R52G mice compared with age-matched Nkx2-5 +/+ mice (Figure 6B , arrowheads). Quantitative analyses from a total of 27 hearts showed an increase in the size of the interatrial communication and the foramen ovalis, with the maximum length of the septum primum being decreased in Nkx2-5 +/R52G compared with age-matched Nkx2-5 +/+ or Nkx2-5 +/− mice with statistical significance ( Figure 6C) . A cartoon depicting the atrial septal anomaly found in Nkx2-5 +/R52G mice is presented in Figure 6D . A summary of phenotypic comparison between Nkx2-5 +/R52G versus Nkx2-5 +/+ or Nkx2-5 +/− is listed in Tables 2 to 4.
Downregulation of Atrial Natriuretic Factor mRNA, Reporter lacZ Expression, and Nkx2-5 Binding to the ANF Promoter Region in Nkx2-5 +/R52G Mice
Atrial Natriuretic Factor (ANF) gene is a direct target of Nkx2-5 and is markedly reduced in homozygous germline and conditional Nkx2-5 knockout mice 25, 27, 37 but not in Nkx2-5 +/− mice. 38 In contrast, mRNA expression in P1 Nkx2-5 +/R52G heart was reduced by ≈60% compared with control Nkx2-5 +/+ heart using Taqman reverse transcription polymerase chain reaction ( Figure 7A ). We previously reported Nkx2-5 binding at three 5′ regulatory elements (kb −34, −31, and −21) and at the proximal ANF promoter by chromatin immunoprecipitation, which were sufficient for transactivating a reporter lacZ gene (-34-31-21ANF-lacZ) in the trabecular layers mirroring endogenous ANF gene expression ( Figure 7B ). 25 In inducible homozygous Nkx2-5 knockout hearts, lacZ expression was markedly reduced at E13.5, despite the noncompaction. 25, 27 Similarly, intensity of lacZ expression was reduced in Nkx2-5 +/R52G compared with the Nkx2-5 +/+ littermates with X-gal staining performed side by side. Quantitative measurements of ANF and lacZ mRNA using whole hearts confirmed ≈70% reduction in Nkx2-5 +/R52G mice relative to the control Nkx2-5 +/+ mice, indicating that the genomic element(s) responsible for ANF mRNA reduction in Nkx2-5 +/R52G mice are present within the 4 genomic regions ( Figure 7C ; Figure VI in the Data Supplement).
To examine occupancy of Nkx2-5 proteins at these elements, chromatin immunoprecipitation assay was performed using 2 different cell populations of neonatal cardiomyocytes isolated either from Nkx2-5 +/R52G or Nkx2-5 +/+ mice. Among the 4 elements described above, 29% reduction in immunoprecipitation was demonstrated at the proximal promoter region in Nkx2-5 +/R52G relative to Nkx2-5 +/+ mice ( Figure 7D ). Taken together, these studies demonstrate a 60% to 70% reduction of ANF mRNA and X-gal staining in -34-31-21ANF-lacZ reporter mice, with a 29% reduction Nkx2-5 protein occupancy at the proximal promoter region in Nkx2-5 +/R52G relative to the control Nkx2-5 +/R52G littermates.
Discussion
Heterozygous missense mutations in the homeodomain of human NKX2-5 are known to lead to a high penetrance of diverse cardiac anomalies compared with mutations outside of the homeodomain. 15 A novel heterozygous knockin mouse, having a disease-causing missense mutation in the homeodomain, Nkx2-5 +/R52G demonstrates a high incidence of diverse forms of congenital cardiac malformations. The mutant mice displayed complete penetrance of ventricular noncompaction, and a high incidence of VSDs and atrial septal anomalies, as well as perinatal lethal complex cardiac anomalies, such as common atrioventricular junction, tricuspid atresia, or Ebstein malformation of tricuspid valve. Overall, introduction of a missense mutation (Arg52Gly) in the mouse genome Figure 6C for detail (n=7-10). resulted in similar, or even more profound, cardiac anomalies than those seen in humans. Ventricular noncompaction is a cardiomyopathy characterized by persistence of the trabecular layer of the ventricular walls in some patients producing both diastolic and systolic dysfunction. 31, [39] [40] [41] During normal cardiac development, the ventricular trabecular layer is formed around murine embryonic day (E) 10.5, coinciding with an increase in the ventricular myocardial mass prior to development of a discrete coronary circulation. 42 As normal cardiac development progresses, the compact layer thickens, with trabecular myocardium becoming less obvious. Pathogenesis of ventricular noncompaction is largely unknown, but it has been speculated that it reflects an early arrest of myocardial maturation, with cessation of proliferation of the trabecular meshwork. 31 Noncompaction was evident in P1 Nkx2-5 +/R52G mutant mice, suggesting that heterozygous Nkx2-5 homeodomain missense mutation dysregulates these processes, as was shown in homozygous Nkx2-5 knockout using ventricular myocyte-specific (myosin light chain 2v) Cre, 23 as well as tamoxifen-inducible Cre beginning from E10.5 27 . Although the discrimination between the compact and trabecular layers is somewhat subjective, we followed the consistent criteria throughout the analyses.
Malformations of the tricuspid valve are found in both patients with NKX2-5 mutations 6, 8 and Nkx2-5 +/R52G mice. Abnormal formation of the tricuspid valve, or abnormal remodeling, seen in Nkx2-5 +/R52G knockin mice, raises interesting questions as to how a mutation in a myocardial-specific gene results in valvar maldevelopment. During the early stages of heart development, myocardial signals induce a subset of endocardial cells in the atrioventricular canal, and later in the outflow tract regions, to undergo an epithelial-to-mesenchymal transformation, resulting in formation of endocardial cushions. These cushions are the primordia of the leaflets of the valves of the 4-chambered heart. Proper formation of the tricuspid valve also requires expansion of the right side of the atrioventricular canal so that the cavity of the right atrium is in direct communication with that of the right ventricle. Formation of the tricuspid valvar leaflets then involves myocardial, epicardial, and endocardial cushion tissues. [43] [44] [45] [46] It has been suggested that the myocardium forms part of the primordium of the developing tricuspid valvar leaflets. [43] [44] [45] In support of this notion, we found there are prominent myocardial layers at mid embryonic stage (E12.5 and E15.5) confined mostly to the mural leaflet of the tricuspid valve. This could partly explain the high incidence of the tricuspid valve anomalies related to Nkx2-5 mutations. In humans, ventricular noncompaction is often accompanied by diverse forms of congenital cardiac malformations, including Ebstein malformation of the tricuspid valve. 40, 47 This suggests a potential pathogenetic link of 2 seemingly unrelated cardiac phenotypes. 40 In addition, the ventricular septum in Nkx2-5 +/R52G mice is wide, irregular in shape, or shows multiple muscular defects. Considering that the ventricular septum is itself formed by compaction of the trabecular layer, 42 this offers an obvious correlation between the noncompaction and the multiple muscular defects.
A signature phenotype of humans harboring a heterozygous homeodomain missense NKX2-5 mutation is the development of progressive atrioventricular block during postnatal life. We anticipate that Nkx2-5 +/R52G mice will manifest this phenotype. Studies to investigate this possibility are currently underway.
In in vitro studies, the best correlation with clinical phenotypes and homeodomain missense mutation resulted from the markedly reduced DNA binding. 15 We report computational modeling that confirms this biochemical property in all 14 NKX2-5 homeodomain missense mutations found to date. Expression of ANF mRNA and -34-31-21ANF-lacZ reporter gene was reduced by 60% to 70% in Nkx2-5 +/R52G mice, whereas Nkx2-5 protein occupancy was demonstrated only at the proximal promoter region and was reduced by 29%. Thus, reduction of DNA binding in Nkx2-5 +/R52G relative to Nkx2-5 +/+ cannot fully explain the 60% to 70% reduction of ANF mRNA. In consideration of preserved protein-protein interactions of R52G mutant with Nkx2-5 cofactors selected from among various factors, 15, [48] [49] [50] [51] [52] this mutant has broader functional consequences including dominant negative effects. Further molecular mechanisms underlying high-disease penetrance demonstrated in Nkx2-5 +/R52G mice remain to be analyzed.
In summary, we report an initial characterization of a novel mouse model having a heterozygous Nkx2-5 missense mutation in the homeodomain that demonstrates a high penetrance of diverse cardiac anomalies, similar to or more profound than those observed in human patients. Just as importantly this mouse model is likely to provide insights into the molecular mechanisms underlying these cardiac anomalies. Such insights would allow potentially for the future development of specific therapeutic strategies for patients experiencing congenital cardiac anomalies.
